Embryonic stem (ES) cells provide an invaluable tool for molecular analysis of vertebrate development and a bridge linking genomic manipulations in vitro and functional analysis of target genes in vivo. Work towards fish ES cells so far has focused on zebrafish (Danio renio) and medaka (Oryzias latipes). Here we describe the derivation, pluripotency, differentiation and growth responses of ES cell lines from Nile tilapia (Oreochromis niloticus), a world-wide commercial farmed fish. These cell lines, designated as TES1-3, were initiated from blastomeres of Nile tilapia middle blastula embryos (MBE). One representative line, TES1, showed stable growth and phenotypic characteristics of ES cells over 200 days of culture with more than 59 passages under feederfree conditions. They exhibited high alkaline phosphatase activity and expression of pluripotency genes including pou5f3 (the pou5f1/oct4 homologue), sox2, myc and klf4. In suspension culture together with retinoic acid treatment, TES1 cells formed embryoid bodies, which exhibited expression profile of differentiation genes characteristics of all three germ cell layers. Notably, PKH26-labeled TES1 cells introduced into Nile tilapia MBE could contribute to body compartment development and led to hatched chimera formation with an efficacy of 13%. These results suggest that TES1 cells have pluripotency and differentiation potential in vitro and in vivo. In the conditioned DMEM, all of the supplements including the fetal bovine serum, fish embryonic extract, fish serum, basic fibroblast growth factor and non-protein supplement combination 5N were mitogenic for TES1 cell growth. This study will promote ES-based biotechnology in commercial fish.
Introduction
Embryonic stem (ES) cell lines are undifferentiated cell cultures derived from early developing embryos (Hong et al. 2011) . After long-term cultivation in vitro, they can self-renew by dividing to produce many daughter cells that are identical to each other and to their mother cells. Under appropriate conditions or introduced into early host embryos, they might differentiate into a variety of cell types and contribute to all tissues including the germline (Hong et al. 2011; Desai et al. 2015) . Therefore, ES cells offer an invaluable tool for molecular analysis of vertebrate development. Moreover, ES cells provide a bridge linking genomic manipulations in vitro and functional analyses of target genes in vivo. For example, mouse ES cells have been widely used for investigating gene functions in vivo by introducing specific genetic alterations into the germline (Thompson et al. 1989; Mombaerts et al. 1991; Wettstein et al. 2016) . In human, ES cells have been attractive candidates for cell-based therapies in regenerative medicine (Loser et al. 2010; Ilic & Ogilvie 2016) . The ability of self-renewal and differential potential has put ES cells at the core of many studies in developmental biology and regenerative medicine.
Long-term cultivation and prevention of spontaneous differentiation are the major challenges for ES cell development (Evans & Kaufman 1981; Hong et al. 1996 ; Thomson et al. 1998) . Since the first ES cell lines were derived from the inner cell mass of preimplantation mouse embryos (Evans & Kaufman 1981) , extensive attempts have been taken to develop ES cells from various mammalian species. Different types of feeder cell monolayers, conditioned media supplemented with growth factors, extracellular matrix or synthetic substrates, have been explored to prevent ES cells differentiation and sustain self-renewal (Xu et al. 2001; Yao et al. 2006; Loser et al. 2010; Hong et al. 2011; Desai et al. 2015) . However, long-term stable ES cell lines have been only been achieved or partially achieved in a limited number of species including human, mink, rat, pig, bovine, and monkey (Sukoyan et al. 1992 ; Thomson et al. 1998; Gjorret & MaddoxHyttel 2005; Mitalipov et al. 2006; Vackova et al. 2007; Loser et al. 2010; Men et al. 2012) , suggesting that the factors or pathways for differentiation-inhibition and self-renewal might vary among species.
Work towards fish ES cell culture dates more than 20 years ago and has focused on zebrafish (Danio rerio) and medaka (Oryzias latipes). In zebrafish, although considerable research work has been done, ES cell cultures have been only maintained for several weeks through the use of feeder layer cells such as zebrafish embryonic fibroblasts, buffalo rat liver cells and zebrafish spleen cell line (Sun et al. 1995; Ma et al. 2001; Fan et al. 2004; Kawakami et al. 2010) . Until recently, two reports independently indicate that stable zebrafish ES-like cell lines have been developed in feeder-free conditions (Ho et al. 2014; Hong et al. 2014) . In medaka, by developing a feeder-free culture condition, several stable ES cell lines were successfully obtained (Hong et al. 1996 (Hong et al. , 1998 . These ES cell lines can be induced to differentiate into various cell types in vitro and participate in chimera formation upon injection into host blastulas after over 1 year culture with more than 100 passages (Hong et al. 1996 (Hong et al. , 1998 . By using the feeder-free culture condition, ESlike cells have also been derived from several marine fish species, including the Asian sea bass (Lates calcarifer) (Parameswaran et al. 2007) , sea perch (Lateolabrax japonicus) (Chen et al. 2007) and Atlantic cod (Gadus morhua) (Holen et al. 2010) . These studies suggest that feeder layers are not indispensable for ES cell development in fish.
Tilapia (Perciformes, Cichlidae) is a worldwide farmed commercial fish species recommended by World Food and Agriculture Organization, which features fast growth, easy breeding and strong resistance to environment hardness. On the other hand, the embryos can be available every day throughout the year owing to the availability of monosex offspring and short spawning cycle (14 days) (Huang et al. 2016) . Thus, it is an excellent fish model organism for the study of vertebrate development outside of zebrafish and medaka, and for the production of ES-based transgenic commercial fish. In the present study, in the absence of feeder layer cells, Nile tilapia (Oreochromis niloticus) ES-like cell cultures were developed and characterized. Furthermore, the growth responses of ES-like cells to different supplements were evaluated.
Materials and methods

Fish
Nile tilapias were kept in recirculating aerated water tanks at 26°C under an artificial photoperiod of 12-h light to 12-h darkness. All genetic females (XX) and males (XY) were obtained by artificial fertilization of eggs from control females (XX) with sperm from either sex reversed males (XX) or super males (YY), respectively. All animal experiments were carried out in accordance with the Guidelines for Care and Use of Laboratory Animals prescribed by the Regulation of Animal Experimentation of Chongqing, China.
Cell culture
To establish embryonic stem cell cultures from Nile tilapia, embryos at the mid-blastula stage were collected and transferred into sterile phosphate-buffered saline (PBS) (pH 7.4). After sterilized with 0.1% bleach (NaClO; Sigma) for 2 min, rinsed several times with PBS, the chorion was torn with fine forceps. The cell mass was released and single cells were obtained via gentle pipetting. After several washes with PBS, the cells were transferred to gelatin-coated 96-well tissue culture plates containing 100 lL conditioned complete medium (hereafter termed as TESM), which is the Dulbecco's modified eagle medium (DMEM) medium supplemented with 20 mmol/L Hepes, 100 U/mL penicillin and streptomycin, 15% fetal bovine serum (FBS), the non-protein supplement combination 5N (2 mmol/L Lglutamine, 1 mmol/L Na-pyruvate, 2 lmol/L Na-selenite, 1 mmol/L non-essential amino acids and 55 lmol/L b-mercaptoethanol), 10 ng/mL human recombinant basic fibroblast growth factor (bFGF) (R&D), Nile tilapia embryo extract (TEE, 0.4 embryo/ mL) and 0.2% Nile tilapia serum (TS). Cells were cultured at 28°C. After reaching 80% confluency, the cells were subcultured at a 1:2 split ratio and gradually expanded to gelatin-coated 48-well, 24-well, 12-well and 6-well plates. Cell freezing and thawing were done as previously described (Hong et al. 1996) .
For clonal growth, about 104 cells were seeded into 10-cm dish containing TESM medium. Fully grown cell colonies at 10 days of culture were picked and expanded (Hong et al. 1996) .
Alkaline phosphatase staining
The alkaline phosphatase (AP) activity of the cultured cells was detected as previously described (Huang et al. 2016) . Briefly, the cells were washed with PBS, fixed with 4% formaldehyde (Sigma-Aldrich) and then ª 2017 Japanese Society of Developmental Biologists stained with bromochloroindolyl phosphate/nitroblue tetrazolium (Beyotime, China).
Embryoid body formation
To induce the formation of EBs, the TES1 cells at passage 21 with full confluence were cultured in suspensions. Meanwhile, all-trans retinoic acid (RA; Sigma) at a final concentration of 100 nmol/L was added to induce differentiation. At day 10, some of the EBs were collected for RT-PCR analysis, and the remaining were further induced for observation of differentiated cell types.
RT-PCR
Total RNAs were isolated from middle blastula embryos (MBE), EBs and embryonic cultured cells as previously described (Huang et al. 2016) , respectively. The quality and concentration of total RNAs were analyzed by agarose gel electrophoresis and optical density reading at 260 and 280 nm. One microgram of total RNAs was reverse transcribed into cDNA using the PrimeScript II 1st Strand cDNA Synthesis Kit (Takara, Japan). PCR primers specific for each target gene were validated and only reactions generating the correct size were used for further analyses (Table S1 ). PCR was run in a 25-lL volume containing 10 ng of cDNAs reaction for 28 and 38 cycles (20 s at 94°C, 20 s at 58°C and 60 s at 72°C) for b-actin and the other genes, respectively.
Immunofluorescence staining
Cell cultures were immunostained as previously described (Huang et al. 2016) . Briefly, cells were sequentially incubated with anti-Nile tilapia Pou5f3 (1:250), PE-conjugated anti-rabbit IgG (1:500) (Vector Laboratories) and DAPI. Finally, the cells were observed under Nikon Ti-S fluorescence microscope.
Chimera formation
Chimera formation was performed according to the protocols as described in medaka (Yi et al. 2010) . Recipient Nile tilapia embryos at the blastula stage were collected in embryo medium (1.7 mol/L NaCl, 27.2 mmol/L CaCl 2 . 2H 2 O, 40.2 mmol/L KCl, and 65 mmol/L MgSO 4 . 7H 2 O) containing 500 U/mL penicillin and streptomycin at 28°C. For preparation of donor cells, the TES1 cells at passage 16-50 were harvested and stained with vital fluorescent dyes PHK26 (red) (Sigma) following the supplier's instructions. PKH26-labeled donor cells were suspended in transplantation medium (100 mmol/L NaCl, 5 mmol/L KCl, 5 mmol/L Hepes, pH 7.2). Approximately 50-100 cells were microinjected into the blastula embryos. The injected embryos were incubated in embryo rinse water at 28°C and monitored under Leica AF6000 fluorescence microscopy regularly.
Chromosome analysis
The TES1 cells at passage 40 were used for chromosome analysis as previously described with minor modifications (Wei et al. 2014) . The cells were seeded in a gelatin-coated 6-well culture plate and incubated for 24 h. At about 80% confluence, colchicine (Sangon Biotech, China) with a final concentration of 80 ng/mL was directly added into the medium and incubated for 6 h. Hereafter, the cells were harvested, resuspended in hypotonic solution 0.075 M KCl for 30 min, and then added into cold Carnoy's fixative (methanol: acetic acid = 3:1). The suspension was subsequently dropped onto clean frozen glass slides, air dried, and stained with DAPI for 10 min. The chromosome numbers of more than 100 well-dispersed prometaphase and metaphase were determined under Olympus BX51 fluorescence microscope.
Growth response assays
The TES1 cells at passage 28 were collected, counted, adjusted to a final cell density of 10 3 /mL with basal DMEM medium, and then added to gelatin-coated 96-well culture plates. Supplements were immediately added at concentrations specified for TESM except for the supplements to be tested, which were replaced, omitted or added at various concentrations. The proliferation activity of cells to FBS with different concentrations, fish embryo extracts and fish serum from different species, 5N and bFGF were measured by CCK8 (Dojindo, Japan) assay as previously described , respectively. Absorbance value of each sample at 450 and 630 nm was measured using a microplate reader (Thermo Labsystems, Vantaa, Finland). The proliferative activity of each sample is arbitrarily indicated by the relative absorbance value, which = (the absorbance value at 450 nm -the absorbance value at 630 nm) at indicated time/(the absorbance value at 450 nm -the absorbance value at 630 nm) at 0 h. Each experiment was repeated for three times.
Results
Development of Nile tilapia ES-like cell lines
Primary cultures were initiated from isolated blastomeres of Nile tilapia middle blastula embryos (MBE) (Fig. 1A) . Isolated cells are approximately 20 lm in ª 2017 Japanese Society of Developmental Biologists diameter, have varying shapes and proliferating activity (Fig. 1B) . In gelatin-coated multi-well plates, the isolated cells underwent rapid divisions and subcultured at a ratio of 1:2 every 2-4 days. Six primary cultures were initially obtained from the Nile tilapia isolated blastomeres. Three of the six primary cultures differentiated and gradually died, and the remaining three cultures exhibited stable growth and ES-like morphology (e.g. round or polygonal in shape, and rich in granules with relatively large nuclei and sparse cytoplasm) (Fig. 1C, D and Fig. S1 ), led to stable ES-like cell lines. One representative line, termed as TES1 for Nile tilapia ES-like cell line 1, was used for detailed characterizations.
The colony-forming ability is an important feature of ES cells. When seeded at low cell density of approximately 10 4 cells/mL, TES1 cells at passage 24 were able to grow into dense ES-like cell colonies at about 7-10 days after plating (Fig. 1E) . Cells maintained at full confluence without subculture were visibly layered and formed 3-D shapes (Fig. 1F) .
TES1 has been continuously cultured for over 200 days with more than 59 passages. During this period it did not show any detectable growth crisis or senescence. No detectable changes in morphology and growth have been observed after many freezingthawing cycles. Thus, TES1 is capable of long-term self-renewal.
AP activity and expression of pluripotency genes
Alkaline phosphatase activity is extensively used as a valuable marker of putative ES cells from many animal species including fish (Hong et al. 1996) . Therefore, AP staining was used for an initial characterization of TES1. As expected, all of the TES1 cells exhibited strong AP activity even during long-term culture ( Fig. 2A) .
Embryonic stem cells from various animal species including medaka express pluripotency genes such as pou5f3, myc and klf4 (Yi et al. 2009 ). To investigate pluripotency gene profile of TES1 cells, the homologues including pou5f3, sox2, myc and klf4 were isolated from Nile tilapia and characterized by phylogenetic analyses (Fig. S3A) . Strong expression of all the indicated homologues occurred in MBE and (Fig. 2B) . Additionally, the Pou5f3 expression at the protein level was further confirmed by immunofluorescence assay (Fig. 2C , C'). These results suggest that TES1 cells have pluripotency potential.
Differentiation potential in vitro
To test the EB formation ability of TES1 cells, the dissociated cells were cultivated in non-adhesive plastic dishes supplemented with RA. After 1 day of suspension culture, the majority of cells formed aggregates, which became larger and denser and eventually developed into spherical structures (Fig. 3A) . It has been documented that nf200, actn2, hnf3b and sox10 are differentiation genes specific to the ectoderm, mesoderm, endoderm and neural crest, respectively (Yi et al. 2009 ). The homologues including nf200, actn2, hnf3b and sox10 were isolated from Nile tilapia and characterized by phylogenetic analyses (Fig. S3B) . After 10 days of suspension culture, the EBs have strong expression of the indicated differentiation gene homologues, of which barely no expression were detected in MBE or TES1 cells at passage 16 and 50 (Fig. 3B) . When the EBs were further induced for 1-2 weeks, several terminally differentiated cell types were observed: starshaped cells (Fig. 3C) , neuron-like cells with long processes ( Fig. 3D ) and flat cells (Fig. 3E ). Taken together, TES1 cells appear to be capable of differentiation into derivatives of all the three germ layers in vitro.
Chimera formation
To investigate the pluripotency potential of TES1 in vivo, the cells at passages 16-50 were stained red with PKH26 and then introduced into Nile tilapia MBE (Fig. 4A) . The resulting host embryos were examined up to fry under fluorescence microscope. As summarized in Table 1 , among the four groups, average 65% of the host blastula embryos (n = 501) survived, 35% and 13% of which were PKH26-positive embryos and hatched chimeric fry, respectively (Table 1) . At 2-6 dpf (days post fertilization), PKH26-positive chimeras were observed, which were found in one to several different areas, including the trunk, eye and fin ( Fig. 4B-E' ). These results indicate that TES1 cells might contribute to the different body compartment development, suggesting pluripotency potential of TES1 cells in vivo. 
Chromosome analysis
The chromosome constitution of TES1 cells at passage 40 was determined cytogenetically. Examination of more than 100 prometaphase and metaphases revealed that the majority of cells (over 70%) possessed a diploid chromosome number (2n = 44) (Fig. 5A) . Moreover, the chromosomes exhibited a normal morphology (Fig. 5B ). This suggests that TES1 cells have genetic stability during long-term culture.
Growth responses
The conditioned complete medium TESM was empirically formulated on the basis of growth requirements of medaka ES cell lines with minor modification (Hong et al. 1996; Yi et al. 2009 ), which contains FBS, TEE, TS, bFGF and the non-protein supplement combination 5N. To optimize culture conditions conducive to long-term cultivation of Nile tilapia embryonic cells, the growth responses of TES1 cells at passage 28 were measured by CCK8 assay. The details of the relative absorbance value and significant difference of each sample refer to Table S2 . TES1 cells had increased proliferation as the concentration of FBS increased (at the range of 5-15%) increased, while almost no proliferation was observed when FBS was at 0, 1 and 20% (Fig. 6A) , suggesting strong dependence on the concentration of FBS. The other supplements including TEE/medaka embryo extract (MEE), TS/seabass serum (SS), 5N and bFGF were mitogenic for TES1 cell growth (Fig. 6B-E) . MEE has similar mitogenic activity to TEE at 24 and 48 h (P > 0.05) but was less effective at 72 and 96 h (P < 0.05) (Fig. 6B) , while SS did so as TS at 72 h (P > 0.05) but was less effective at 48 and 96 h (P < 0.05) (Fig. 6C) , suggesting that TES1 culture is dependent on species-specific factors in TEE and TS. Human bFGF at all indicated concentrations (5, 10, 20 ng/mL) is mitogenic for cell growth, while 10 ng/mL is the best optimal (Fig. 6D) , suggesting its conserved mitogenic activity for ES cell growth. 
Discussion
In this study, we have successfully developed Nile tilapia ES-like cell lines under feeder-free culture condition. Six independent lines of evidence support that TES1 is an ES-like cell line. First, TES1 has ES-like morphological appearances, such as round or polygonal shape, small size with relatively large nuclei and prominent nucleoli. Second, TES1 has strong AP activity, a general ES cell marker. Third, TES1 has pluripotency gene expression profile. Fourth, TES1 has the ability of EB formation, which express differentiation genes specific to all the three germ layers and could be differentiated into several cell lineages. Fifth, TES1 has the ability of chimera production with an efficacy of 13% upon transplantation into the host embryos. Finally, TES1 retains stable growth for over 200 days with more than 59 passages without showing growth crisis and senescence, suggesting its ability of longterm self-renewal.
The two other TES cell lines, TES2 and TES3, have shown typical stem cell-like morphology just as TES1 for over 70 days with about 20 passages (Fig. S1) . Moreover, the TES2 cells have shown strong AP activity and Pou5f3 expression (Fig. S2) . These data suggest that our feeder-free condition in the present study could consistently support ES derivation and culture from Nile tilapia.
In mammals, it has been elegantly demonstrated that OCT4 in combination with SOX2, KLF4, and c-MYC is capable of reprogramming somatic cells into induced pluripotent stem cells (Takahashi & Yamanaka 2006; Takahashi et al. 2007) . In medaka, the OCT4 homologue (Pou5f3) has been demonstrated to be a crucial transcriptional regulator governing pluripotency and self-renewal in ES cells (Liu et al. 2015) . Our previous ª 2017 Japanese Society of Developmental Biologists study also suggests that Nile tilapia pou5f3 depletion might cause blastula blockage/lethality and failure of survival/proliferation of blastula cell-derived cell cultures, suggesting its pluripotency activity in Nile tilapia (Huang et al. 2016) . In the present study, TES1 at passages 16 and 50 has strong pou5f3 expression as well as other mammalian gene homologues such as sox2, myc and klf4, suggesting the potential pluripotency state of TES1 cells during long-term culture in vitro.
The differentiation potential of TES1 cell were evidenced by EB formation in vitro and chimera formation in vivo. TES1 cells could form spherical EBs in suspension culture, which could be differentiated into several differentiated cell lineages by RA treatment. EB formation is a regular feature of ES cell lines, which has been reported for several other fish ES cells including zebrafish, medaka, sea bass and sea bream (Hong et al. 1996 (Hong et al. , 2011 Chen et al. 2007; Yi et al. 2009 ). Chimera formation is a stringent criteria for analyzing differentiation potential of putative ES cells. The successful production of chimeras is dependent not only on the compatibility between the ES cells and host embryos, but also on the pluripotency of ES cells (Hong et al. 1998; Chen et al. 2007) . It is documented that transplantation of differentiated ES derivatives or terminally differentiated adult cells might lead to developmental arrest and abnormality in medaka (Hong et al. 2013) . Thus, chimera formation is a feature of undifferentiated ES cells. Hong et al. (1998) have reported that medaka ES cells have the competence for chimera formation with a frequency of 6% by melanin pigmentation and 90% by RT-PCR. Chen et al. (2007) have reported that transplantation of GFPexpressing ES cells derived from sea perch into sea perch and zebrafish MBE led to chimerized fry production with a frequency of 5.8% (15/478) and 9.9% (22/ 221), respectively. In the present study, a vital dye PKH26 was used to label TES1 cells for lineage tracing, which has been widely used as an alternative transgenic approach in various species including medaka, zebrafish and tilapia Silva et al. 2016) . Transplantation of PKH-labeled TES1 cells into Nile tilapia MBE led to 13% hatched chimera production (42/328). In these chimeras, PKH-positive cells contributed to different body compartment including the eye, trunk region and fin. Taken together, TES1 cells possess differentiation potential in vitro and in vivo even after extended culture. Nonetheless, much work still needs to be done to investigate whether TES1 cells are capable of germline transmission via the production of germline chimeras.
The successful development of ES cell lines is strongly dependent on proper culture conditions. In fish, Hong et al. (1996 Hong et al. ( , 2014 has developed a feeder-free culture approach for ES cell derivation, leading to the establishment of ES cell lines in medaka, zebrafish and several marine fish species (Chen et al. 2007; Ho et al. 2014) . Our study supports that feeder layer is dispensable for the derivation and long-term maintenance of fish ES cell lines in an undifferentiated state. The components of the conditioned complete media TESM are similar to those of ESM2 used for medaka and zebrafish ES cell culture with minor modifications (Yi et al. 2010; Hong et al. 2014) . TESM contains TEE and TS instead of MEE and SS in ESM2. In medaka and zebrafish, all of FBS, MEE, fish serum, bFGF and the non-protein supplements are mitogenic for ES cell growth (Hong et al. 1996 . Our experimental data consistently support this idea. Nonetheless, TES1 cells respond differently to FBS at various concentrations, the embryonic extract and serum from different fish species. In the medaka, ES cells show high proliferation activity in the high concentration of FBS up to 20% (Hong et al. 1996) . In Nile tilapia, TES1 cells have increased proliferative activity to the higher concentrations of FBS at the range of 0-15%, while FBS at high concentration of 20% has growth inhibitory effect on TES1 cells. Similar results have been reported for zebrafish blastula-stage embryos as well as some other fish cells (Collodi et al. 1992; Lakra et al. 2011; Wei et al. 2014) . Embryonic extract from various fish species including medaka, rainbow trout, zebrafish and gilthead seabream has been documented to be mitogenic for cell growth (Yi et al. 2010; Lakra et al. 2011; Hong et al. 2014) . In this study, our results indicate that both of TEE and MEE have mitogenic activity for TES1 cells, while the former is superior to the latter. Similar results were also found between TS and SS, which suggest that there are conserved and species-specific growth factors in fish embryonic extract and serum. The bFGF has strong mitogenic activity for various fish cell lines including zebrafish and medaka (Lakra et al. 2011; Hong et al. 2014) . Meanwhile, it can irreversibly inhibit the differentiation of MBE cell cultures into melanocytes in zebrafish but not in medaka (Bradford et al. 1994; Hong et al. 1996) , suggesting its species-specific activity. Our present study indicates that human bFGF has mitogenic activity for ES-like cells in Nile tilapia, suggesting its conserved mitogenic activity from mammals to fish.
In conclusion, an ES-like cell line (TES1) has been successfully developed from the world commercial fish, Nile tilapia. TES1 cells have pluripotency and differentiation potential in vitro and in vivo under feederfree culture condition. This ES-like cell line will provide a valuable tool to investigate molecular mechanisms ª 2017 Japanese Society of Developmental Biologists underlying self-renewal and differentiation and facilitate ES-based biotechnology in commercial fish.
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